crystallographic study of Hb M Boston demonstrated that the ferric heme iron of the abnormal a subunit is bound to the phenolate oxygen of tyrosine E7 but not to the normally ligated proximal histidine F8 (Pulsinelli et al., 1973) . In contrast, spectroscopic studies of Hb M Saskatoon show that this variant has a six-coordinate high spin heme iron with both the distal tyrosine and the proximal histidine ligated to the iron (Nagai et al., 1983 (Nagai et al., ,1989 . It has been proposed that the p-chain tyrosyl phenolate of Hb M Saskatoon might be located further from the heme iron than that of the a-chain substitution of Hb M Boston, thereby causing weaker iron-tyrosinate bonding and allowing coordination to the proximal histidine (Nagai et al., 1989) .
In the case of myoglobin the heme iron atom of wild-type acidic metmyoglobin is six-coordinate and high spin with a water molecule bound as a dissociable sixth or distal ligand. This iron-ligated water molecule also forms a hydrogen bond to the distal histidine residue (His64). The modulating role of the invariant His64 has been studied by replacing Hisa in sperm whale myoglobin with a number of different amino acid residues and measuring ligand binding parameters (Springer et 1992) . Each of the distal histidine substitutions resulted in a decreased affinity for dioxygen (Rohlfs et al., 1990) and increased rates of autoxidation (Springer et al., 1989) . In particular, at neutral pH the Hisa + Tyr variant showed no stable Fe(II1) iron-H,O or Fe(I1) iron-0, complex formation. Spectroscopic analysis of this mutant indicated the presence of a ferric six-coordinated high spin iron with both the distal tyrosine and the proximal histidine ligated to the heme iron (Egeberg et al., 19901, thereby resembling Hb M Saskatoon rather than Hb M Boston.
To provide detailed structural characterization of the consequences of replacing the distal histidine residue in myoglobin with tyrosine, we have analyzed the three-dimensional structure of the Hisa Tyr variant of horse heart myoglobin using x-ray diffraction techniques and assessed the electronic structure of the heme iron by electron paramagnetic resonance (EPR)' spectroscopy. Our results provide the first refined crystallographic structure for a myoglobin or hemoglobin variant with a coordinated tyrosyl residue and give further insight into the structural factors that determine the active site structure of these proteins.
EXPERIMENTAL PROCEDURES Mutagenesis and protein purification procedures used to obtain recombinant wild-type and the HisM --f Tyr variant myoglobins have been previously described (Tang, et al., 1994) . Crystals of both proteins were grown at room temperature using the hanging drop vapor diffusion method from a 10-pl droplet containing 8 m g / d protein, 6 6 6 2 % ammonium sulfate, 20 m M Tris/HCl, and 1 mM EDTA at pH 8.4 and then
The abbreviation used is: EPR, electron paramagnetic resonance. Brayer, 1988,1990 ) and recombinant' wild-type horse heartomyoglobin. The space oup was P2, with cfll dimensions of a = 63.7 A, b = 28.8 A, c = 35.7 r a n d p = 106.6 ' (1 A = 0.1 nm).
Diffraction data were collected to 2.0-A resolution from a single crystal of the HisB4 --* Tyr variant myoglobin on a Rigaku R-Axis I1 imaging plate area detector system using CuK, radiation generated from a rotating anode fitted with a monochromator and operated at 90 mA and 59 kV. A total of 22,024 diffraction intensities were measured to give 3453 unique reflections with F > 20 ( F ) . Refinement of the HisM + Tyr variant structure was carried out using a least squares restrained parameter method (Hendrickson and Konnert, 1981) ; the starting model was wild-type horse heart myoglobin (Evans and Brayer, 1990 ) from which the side chain of HisB4 and all water molecules had been removed. During the course of refinement the side chain atoms of TyrM were
added to the refinement model based on inspection of ZF, -F, and F, -F, difference maps. Water molecules were added by searching for peaks in F, -F, maps using the program ASIR (Tong et al., 1994) with the criteria that at least one hydrogen bond be formed to the protein and the associated thermal factor refined to less than 60 A' . All water molecules were refined as oxygen atoms having full occupancy. Final refinemen: was carried out using 3324 reflections in the resolution range 8-2.0 A and resulted in a standard crystallographic R-factor of 16.9%. The resultant model for the TyrM variant protein displays good stereochemistry with root mean square deviations from ideal values of 0.010 8, for bond distances and 0.024 A for angle distances. A total of 126 water atoms and one sulfate ion were located. The overall estimated root mean 0.21 A (Luzzati, 1952; Cruickshank, 1985) . square coordinate error for the refined HisM + Tyr variant structure is EPR spectra of the HisM + Tyr protein were obtained at X-band frequencies (-9.5 GHz) and 4 Kwith a Bruker ESP 300 E spectrometer equipped with an Oxford Instruments liquid helium cryostat. The magnetic field was calibrated with an NMR gauss meter ( 
RESULTS AND DISCUSSION
In this paper we report combined x-ray crystallographic and electron paramagnetic studies of the HisG1 + Tyr mutant of myoglobin. Determination of the three-dimensional structure of this variant protein permits unambiguous definition of the heme iron ligation and geometry and an assessment of the structural consequences of the mutation on the entire protein structure. EPR analysis provides a sensitive measure of the ferric heme iron that can detect symmetry changes in metal coordination reflecting the direct effect of the heme environ- ment on the heme iron. The combined use of EPR and crystallographic techniques in this study permits a more detailed interpretation of the EPR spectra of this family of mutants than has previously been possible.
In these studies, the structure of the HisGI 4 Tyr variant has been compared with the 1.8-A resolution structure of recombinant wild-type protein.' As shown in Fig. 1 , no significant alterations in main chain conformation are observed with the exception of the N-and C-terminal ends of the polypeptide chain (residues Gly' and GIY'~~), which are substantially disordered in both structures. A least squares fit of the proteins indicates a n overall average displacement in main and side chain atoms of 0.29 and 0.55 A, respectively. Our results also show (see Fig. 2 ) that within the heme pocket of the HisM + Tyr variant myoglobin, the phenolic side chain of tyrosine 64 provides an axial ligand to the heme iron atom confirming the spectroscopic analysis .
Conformational changes in two side chains present in the heme pocket are associated with the HisG1 + Tyr substitution. These changes involve Leuz9 and Leu'04, the side chain atoms of which exhibit average displacements of 1.1 and 1.3 A, respectively (see Fig. 1 ). In the case of Leuz9, the change in conformation observed (11 and 30 O in ,yl and xz angles) appears to be a direct result of the larger spatial requirements of a tyrosyl side chain at residue position 64. In wild-type myoglobin, Leuz9 is tightly packed against HisG1 and may play a role in modulating oxygen release and autoxidation in this protein (Carver et al., 1992) . The conformational shift of the side chain of Leu'04 (58 and 79 O in x1 and xz angles) likely occurs in response to a movement in the Hisg3 proximal heme ligand and heme planar distortion.
Although occupying a comparable spatial positioning to that of the wild-type protein, considerable planar distortion is evident in the heme group of the HisG1 + Tyr variant (Table I ). The overall average +viation of all 43 heme atoms between the two proteins is 0.46 A. Major heme distortions are localized in pyrrole ring D and about the CHC carbon atom that links pyrrole rings B and C. In contrast to the wild-type protein where the heme iron atom is found in the plane of the pyrrole nitrogen atoms, in thp HisM + Tyr variant the heme iron atom is displaced 0.39 A from this plane in the direction of the new distal ligand
The proximal Hisg3 ligand also shifts by a similar amount toward the distal side of the heme group. Despite these movements, the heme iron bond distances (Table I) found for the proximal tyrosinate ligand and the heme iron in beef liver catalase (Fita et al., 1986) . Also, extended x-ray absorption fine structure analysis of the Hisa + Tyr horse heart myoglobin variant found a bond length of 1.88 A for the tyrosineiron distance.2 This apparent discrepancy between the extended x-ray absorption fine structure and x-ray results might be due to a difference in iron ligation between solution and the crystalline state. EPR spectra of the Hisa + Tyr horse heart myoglobin variant both in solution and the crystalline state were therefore measured to assess possible differences in iron ligaton. Fig. 3 shows the EPR spectrum of wild-type myoglobin (A) and the Hisa + Tyr variant ( B ) in solution at pH 8.4. The EPR spectrum of the wild-type protein indicates the presence of a mixture of Fe(1II) axial symmetric high spin (g = 5.9 and 1.99) and Fe(II1) low spin components (g = 2.58,2.17, and 1.84). This mixture arises from the equilibrium between aquo-(high spin) and hydroxy-(low spin) ligands at the distal position (pK = 8.93) (Antonini and Brunori, 1971) . The His64 + Tyr mutant exhibits a rhombic high spin EPR spectrum with major signals at g = 6.64,5.34, and 1.98. The percentage ofrhombicity (8.1%) is relatively high for heme proteins. A similar percentage of rhombicity is found for the HisGI + Tyr mutant of sperm whale myoglobin (g = 6.63, 5.31, and 1.98) (Egeberg et al., 1990 ) and for Hb M Saskatoon (g = 6.65, 5.35, and 2.0) (Hayashi et al.,  1969) . The EPR spectrum of the mutant is independent of pH between 7 and 11, indicating that the distal tyrosine ligand remains coordinated to the heme iron over this range of pH. A change in the visible spectrum of this mutant at lower pH (pK = 4.7) has been attributed to displacement of tyrosine by an aquo-ligand.'
The EPR spectrum of the crystalline Hisa -Tyr variant Percent rhombicity is defined as R = Ad16 x 100% where Ag is the absolute difference in g values between two components near g = 6 (Peisach et al., 1971) . a Each pyrrole ring plane is defined by 9 atoms, which include the 5 ring atoms plus the first carbon atom bonded to each ring carbon. The porphyrin ring plane is defined by all the atoms in the 4 pyrrole ring planes and the heme iron atom (33 atoms in total). The pyrrole nitrogen plane is defined only by the 4 pyrrole nitrogens. Heme atom designations follow the conventions of the Protein Data Bank ( 9.45 GHz; microwave power, 0.63 milliwatts; modulation frequency, 100 (Fig. 3C) consists of two different ferric high spin signals that are due to two distinct forms of iron ligation. The major signal in the crystalline sample (g = 6.63 and 5.43) has high rhombicity similar to the signal observed in solution and can be assigned to Hisg3-Fe(III)-TyrM coordination of the heme iron. However, the origin of the axial high spin EPR signal (g = 5.83) seen only in the crystalline state is questionable. This signal does not appear to be caused by a n aging process in the crystalline material because dissolved crystals give a n EPR spectrum (Fig. 3 0 ) that resembles the spectrum of the variant protein in solution (Fig. 3E) . The dissolved crystalline material has a minor amount of a less rhombic form (g = 6.25 and 5.77) that is, to a lesser extent, observed in the spectrum of protein in solution.
Heme geometry in wild-type and Hisa + l)r variant myoglobin
Two possible origins for the unique axial high spin signal observed for the crystalline material can be suggested. For example, this signal could arise from the presence of some material with Hisg3-Fe(III)-H,0 ligation similar to that observed for wild-type metmyoglobin. This interpretation implies that in the crystalline state an equilibrium exists between a form of the protein with T y r 6 4 coordinated (HisM-Fe(III)-TyrM) and a form in which a water molecule provides the sixth heme iron ligand (Hiss3-Fe(II1)-H,O). This interpretation seems unlikely due to the lack of space in the heme pocket for simultaneous water ligation to the iron and the presence of a bulky TyrM side chain as required for formation of the HisS3-Fe(III)-H,O species. The other possibility is that two different forms of Hisg3-Fe(III)-TyrM ligation coexist in the crystalline state. In this case, the axial EPR would arise from a form of iron ligation with a different iron-tyrosine bond length and a less distorted heme plane. Comparison of the thermal factors between wildtype and variant proteins reveals similar values for the heme moiety in both, but significantly greater values are observed for the main and side chain atoms of residue 64 in the variant (overall-average thermal factor of 10.9 A2 for HisM as opposed to 17.0 A' for TyrM). The considerable mobility of Tyra and lack of space for water ligation provide strong circumstantial evidence that the axial high spin EPR signal observed in the crystalline form of the mutant results from a different irontyrosine bond length and smaller distortion of the heme plane.
The existence of two heme iron-tyrosine conformations with different bond strengths is indicated by resonance Raman studies of the corresponding mutants of sperm whale myoglobin and the a-and p-chains of human Hb, each of which exhibits slightly different characteristics. In the case of the HisM + Tyr variant of sperm whale myoglobin, a doublet of the Fe-0 mode has been reported with frequencies at 578 and 600 cm" . On the other hand, Hb M Saskatoon (HisPE7 T y r ) exhibits just the 578 cm" Fe-0 mode, while Hb Boston (HisaEr + Tyr) exhibits a single Fe-0 mode at 603 cm-' (Nagai et al., 1983 (Nagai et al., , 1989 . Results from these Hb variants have led to the conclusion that in Hb M Saskatoon the heme iron is coordinated to both the proximal histidine ligand and the distal tyrosine, while in Hb M Boston the heme iron is coordinated to the distal tyrosine residue with the bond to the proximal histidine ligand broken (Pulsinelli et al., 1973; Nagai et al., 1983 Nagai et al., , 1989 . However, the EPR spectrum of the sperm whale HisM + Tyr variant in frozen solution exhibits just one rhombic high spin signal similar to that of Hb M Saskatoon . For Hb M Boston, the rhombicity is lower (3.7%) with g values of 6.3, 5.71, and 2.0 (Hayashi et al., 1969) . The g values of Hb M Boston are similar to the minor component found in the EPR spectrum of the dissolved crystals (Fig. 3 0 ) of the HisM -Tyr variant and may indicate the presence of a small amount of a component in which the proximal histidine-heme iron bond is broken.
The deviation from tetragonality seen in the EPR spectrum of rhombic high spin compounds may arise from mechanical distortions of the heme by perturbation of the .rr-electron distributions of the heme system or by structural and electronic deviations induced by the axial ligand(s). Under these circumstances it is of interest that the EPR spectra of the Hisa + Tyr mutant exhibit rhombicity similar to that observed in the EPR spectrum of catalase , although the threedimensional structures of the two proteins are significantly different. In catalase the heme iron is five-coordinated with a proximal tyrosine ligand and a short Fe-0 bond length (Fita et al., 19861 , suggesting that the origin of the relatively large rhombicity is probably the combined effect of the strong tyrosine-iron ligand bond and the distortion of the heme plane. In the case of the HisM + Tyr mutant, the high rhombicity seems to result primarily from significant distortion of the heme plane together with the displacement of the heme iron atom from the heme plane, whereas the Fe-0 distance is comparable with that observed for wild-type myoglobin.
